We report our discovery of an extremely rare, low mass, quadruple-lined spectroscopic binary BD -22
Introduction
The multiplicity of stars is an important constraint of star formation theories as most stars form as part of a binary or higher-order multiple system (Duquennoy & Mayor 1991 , Fischer & Marcy 1992 , Halbwachs et al. 2003 . Moreover, double-(or multi-) lined spectroscopic binaries (SBs) allow precise determination of dynamical properties including the mass ratio, and if the inclination can be determined, the individual component masses. And given their common age and metallicity, SBs are very useful in calibrating stellar evolutionary models.
Here, we report our detection of a visually unresolved quadruple-lined spectroscopic and eclipsing (ESB4) binary BD -22
• 5866 (=NLTT 53279; V = 10.1, J 2MASS = 7.54) composed of four low-mass stars. As part of our search for young M dwarfs within 25 pc (Shkolnik et al. 2006) , we acquire high-resolution spectra of cool dwarfs compiled by the NStars project (Reid et al. 2003 (Reid et al. , 2004 ) that have X-ray luminosities comparable to or greater than Pleiades members. We cross-correlate these spectra with radial velocity (RV) standard stars in order to determine the RVs needed to measure galactic space motion. This process is sensitive to finding SBs, particularly those in short-period orbits, while the sample in general is biased towards tidally-locked systems whose rapid rotation produces high chromospheric and X-ray emission. BD -22
• 5866 was on our list of candidate young M dwarfs because of its high fractional X-ray 1 and UV 2 flux (f X /f J = 1.94×10 −3 , f N U V /f J = 1.6×10 −4 , f F U V /f J = 3×10 −5 ) and photometrically determined distance of 20.7±3.4 pc (Reid et al. 2004) .
In this paper we decompose BD -22
• 5866 into a tight hierarchical quadruple system consisting of an eclipsing K7 + K7 binary and a M1 + M2 binary, and discuss the implications of this extremely unusual multiple system for the dynamical evolution of binary stars. • 5866 must be quite rare since we detected only one such SB4 in our sample of 196 X-ray-selected M dwarfs. Other high-resolution spectroscopic surveys for SB's have turned up very few if any tight SB4s; e.g. Udry et al. (1998) surveyed 3347 G dwarfs and found none, while Torres et al. (2006) flagged two SB4's in a X-ray-selected sample of 1511 stars with B − V > 0.6. Of these two, one is BD -22
• 5866 (independently discovered) and the other (CPD-64 4353) is a higher mass system whose orbital limits are unconstrained. These limit the frequencies of SB4s to 2 in 4000-5000, with only BD -22
• 5866 consisting of four low-mass stars. Note that Torres et al.'s and our samples are biased towards active close-in SBs with strong X-ray emission and high orbital velocities more easily resolved with the 1 X-ray data is from the ROSAT All-Sky Survey Bright Source Catalogue (Vogues et al. 1999) .
2 Near and far UV (NUV, FUV) fluxes were measured by the GALEX (GALaxy Evolution eXplorer) All-Sky Survey (Morrissey et al. 2007 ).
CCF, making the intrinsic frequency of these types of systems even lower.
Though there are a couple of dozen hierarchical quadruples listed in the literature, they mostly consist of two visually resolved SB2s at wide (d AB 30 AU) separations, with a handful of them exhibiting four sets of spectral lines. (See Torres et al. 2007 and references therein.) We are aware of only one previously known spatially unresolved quadruple-lined spectroscopic binary: XY Leo, a W UMa-type binary (Barden 1987 , Pribulla et al. 2007 ), making • 5866 only the second such system studied and the first to be comprised of only low-mass stars.
3 The system also contains the thirteenth published eclipsing binary (EB) with component masses less than 0.7 M ⊙ , and the only one known to be in a quadruple system.
The spectra
We acquired 4 high-resolutionéchelle spectra of BD -22
• 5866, 2 with the High Resolution Echelle Spectrometer (HIRES; Vogt et al. 1994 ) on the Keck I 10-m telescope and 2 with theÉchelle SpectroPolarimetric Device for the Observation of Stars (ESPaDOnS; Donati et al. 2006 ) on the Canada-France-Hawaii 3.6-m telescope, both located on the summit of Mauna Kea.
We used the 0.861 ′′ slit with HIRES to give a spectral resolution of λ/∆λ≈58,000. The upgraded detector consists of a mosaic of three 2048 x 4096 15-µm pixel CCDs, corresponding to a blue, green and red chip spanning 4900 -9300Å. To maximize the throughput near the peak of a M dwarf spectral energy distribution, we used the GG475 filter with the red cross-disperser. The data product of each exposure is a multiple-extension FITS file from which we reduce and extract the data from each chip separately.
ESPaDOnS is fiber fed from the cassegrain to coudé focus where the fiber image is projected onto a Bowen-Walraven slicer at the spectrograph entrance. With a 2048×4608-pixel CCD detector, ESPaDOnS' 'star+sky' mode records the full spectrum over 40 grating orders covering 3700 to 10400Å at a spectral resolution of λ/∆λ≈68,000. The data were reduced using Libre Esprit, a fully automated reduction package provided for the instrument and described in detail by Donati et al. (1997 Donati et al. ( , 2007 .
Each stellar exposure is bias-subtracted and flat-fielded for pixel-to-pixel sensitivity variations. After optimal extraction, the 1-D spectra are wavelength calibrated with a Th/Ar arc. Finally the spectra are divided by a flat-field response and corrected for the heliocentric velocity. The final spectra were of moderate S/N reaching ≈ 70 per pixel at 7000Å. Each night, spectra were also taken of an A0V standard star for telluric line correction and an early-M radial velocity standard. A log of the observations is presented in Table 1 , and a portion of a spectrum is shown in Figure 1 .
The integrated spectral type (SpT) was measured to be M0 from the ratio of the band indices of TiO λ7140 to TiO λ8465 defined by Slesnick et al. (2006) . This is slighter earlier than the M0.5 determined from low resolution spectra using the TiO λ7140 index by Reid et al. (2004) .
We cross-correlated each of 7 orders between 7000 and 9000Å of each stellar spectrum with a RV standard of similar spectral type using IRAF's 1 fxcor routine (Fitzpatrick 1993 ). We excluded the Ca II infrared triplet (IRT) 4 and regions of strong telluric absorption in the cross-correlation and removed a broad, low order curvature from each CCF which varies from order to order and is due to differences in the continuum between BD -22
• 5866 and the RV templates. A representative cross-correlation function (CCF) for each of the four observations is shown in Figure 2 .
We were able to clearly resolve the CCF peaks of all four stellar components on May 11, 2006. This allowed us to estimate the spectral types of the four stars assuming a fluxweighted relation (Cruz & Reid 2002 ) between component and integrated spectral types:
, where f Aa , f Ab , f Ba and f Bb are derived from the integrated flux of the gaussians fits to the four crosscorrelation peaks. In this case, f Aa ≈ f Ab and f Ba ≈ f Bb ≈ 0.3f Aa such that the difference in I magnitude between Aa and Ba is 1.2 mag. To measure the error associated with these relative fluxes, we cross-correlated the spectrum with three template spectra of stars with low vsini and differing SpTs. These were GJ 2079 (K7, v=4.1 km s −1 as calculated from P rot of 7.78 d; Pizzolato et al. 2003) , GJ 908 (M1, vsini=3 km s −1 ; Glebocki et al. 2000) , and GJ 436 (M2.5, vsini≤1 km s −1 ; Glebocki et al. 2000) . The average results give f Aa : f Ab : f Ba : f Bb = 1 : 0.99 : 0.33 : 0.23. These agree to better than 15%, with the bulk of the error lying with f Bb whose integrated fluxes ranged from 0.2 to 0.3 of f Aa .
From the spectra alone, we estimated the component spectral types to be K7 + K7 and M1 + M2. These spectral types are consistent with the distinctly redder location of BD -22
• 5866 on a color-color diagram than expected if it were a single M0 dwarf. For example, it lies ∼0.7 mags redder than expected for an M0 dwarf on a (V − J)-(I − J) plot (Reid & Hawley 2005) . BD -22
• 5866 is 3.7 times more luminous than a single M0 dwarf, and correcting for this over-luminosity, the system's photometric distance is at about 51 pc.
We measure the RVs (listed in Table 1 ) of each component from the gaussian peaks fitted to the CCFs, taking the average of all orders, with a RMS typically less than 1 km s −1 . Severe blending of the CCF peaks resulted in poor gaussians fits to the two latest observations. One additional set of RVs was extracted from a low-S/N spectrum collected using FEROS on La Silla's 1.5-m telescope. The instrument and data reduction of this measurement is presented in Torres et al. 2006 .
The light curve
With the high eclipsing probability (> 10%) of the tight Aa+Ab binary, we searched for existing photometry of this system in the database of the UK Wide-Angle Search for Planets (WASP) project. The WASP project is a wide-angle, robotic photometric monitoring campaign designed to detect significant numbers of transiting extrasolar planets using a single pass band from 4000 to 7000Å. The project instrumentation, infrastructure, and data processing are are described in detail in Pollacco et al. (2006) . In short, SuperWASP (La Palma, Canary Islands, Spain) and WASP-South (Sutherland, South Africa) instruments each consist of 8 small aperture camera lenses (8 × 200mm, f/1.8) backed by wide-format CCDs with a plate scale of 14.2 ′′ /pixel. The cameras are attached to a single robotic mount such that the field-of-view of a single WASP pointing is approximately 15
• × 30
• . The mount scans the sky taking repeated individual exposures in a single declination band over the observable sky every clear night to obtain a time-series of images with typical sampling rate of ∼ 8 minutes. The raw images are processed via a custom-built pipeline with aperture photometry performed using a 3.5 pixel aperture (48 ′′ ) on all observed stars. The resulting differential photometry light curves are searched for periodic dips in brightness using a modified box-least squares search algorithm which is outlined in Collier Cameron et al. (2006) .
The high-cadence, high precision time-series photometry produced for millions of bright stars as part the WASP transit survey is extremely good for detecting and characterizing eclipsing binaries in addition to the primary science goal of transiting planet detection. The WASP-South data set on BD -22
• 5866 consists of 9531 photometric measurements obtained over two observing seasons (May 2006 -October 2007 . The observed light curve shows periodic (P =2.21 days), nearly equal depth (≈ 0.2 mag) primary and secondary eclipses identifying the tight K7 + K7 pair as an eclipsing binary. The raw WASP light curve is shown in Figure 3 phased according to the eclipse ephemeris (see Table 2 ). In addition to the eclipses, the photometry also exhibits modulating out-of-eclipse variability with an amplitude of 0.01-0.03 mags which is likely caused by asymmetric starspots on the surface of the individual binary components. The measured period of this variability as determined from the strongest peak of the periodogram (Figure 4) is nearly identical to the binary orbital period and tracks the rotation of the star indicating the system is tidally synchronized. This is expected since the synchronization time-scale for the short-period binary A is only 70 Myr (Zahn 1977) , several orders of magnitude shorter than for binary B, making it the likely source of the observed X-ray and UV flux. The RVs also confirm that Aa and Ab are the sources of the moderate emission we see in the lines of the Ca II IRT (Figure 1 ) and Hα (EW Hα (Aa)=-0.37 ± 0.01Å, EW Hα (Ab)=-0.55 ± 0.01Å). We therefore conclude the system is not particularly young, consistent with the fact that we see no sign of Li (λ6708Å, EW Li < 21 mÅ). Comparing these characteristics of binary A with the late-type systems of the Strassmeier et al. 2003 catalog of chromospherically active binary stars, we can classify BD -22
• 5866 A as BY Dra binary.
Due to the eclipsing nature of the K7 + K7 binary, the individual stellar radii, temperature ratio and orbital inclination can be measured directly from the light curve. We first remove the out-of-eclipse variability before modeling the eclipsing system and deriving the physical properties of the individual stars. Because the amplitude of the modulation is changing slowly over the course of the observations, we separate the photometric data into 3-week time bins and remove the variability of each segment independently. For each time segment, we solve for the coefficients of a sine curve that best fits the out-of-eclipse data using least-squares minimization and then subtract this model from the observed photometry. We then derive the properties of the system using an implementation of the EBOP eclipsing binary modeling code (Southworth et al. 2004 , Popper & Etzel 1981 . The rectified light curve around the primary and secondary eclipses is shown in Figure 5 with the best fitting model over-plotted. The results of the analysis give individual stellar radii of R Aa = 0.614 ± 0.045R ⊙ and R Ab = 0.598 ± 0.045R ⊙ (using the semi-major axis 5 derived from the RV curve, see Figure 6 and Table 2 ), an orbital inclination of 85.5
• ± 1
• , a temperature ratio T Ab /T Aa = 0.98 ± 0.02, and an eccentricity of 0.00 ±0.01.
The orbital configuration
Although there are not many RV measurements, we can determine well-constrained masses due to the accurate ephemeris derived from the photometry. With the precise eclipse period, we are able to plot our RV measurements to determine the remaining orbital parameters for the K7 + K7 binary. To reduce the number of fitted parameters needed to derive the component masses, we adopt a mass ratio of 1.0 for the binary because the two components have nearly the same flux and temperature values. We solved for a single RV amplitude and systemic velocity γ which best fit the Keck and CFHT RVs outside of eclipse. The 5-year span between the Mauna Kea and the La Silla observations is a significant fraction of the A + B orbital period, and the corresponding shift in γ due to the presence of binary B is apparent in the offset of those points in Figure 6 . The true systemic velocity of the entire system is close to -9 km s −1 measured by taking the average all observed RVs.
The mass for each K7 dwarf derived from the RV curve is 0.59 M ⊙ . We estimate the uncertainty on this mass to be ≈5% based on the potential deviations from a mass ratio of 1. Additional RV measurements will allow us to derive component masses with <1% accuracy. The relative flux levels of the CCF peaks indicate that these two stars are in between a K7 and M0 dwarf, consistent with their derived masses. The system parameters are summarized in Table 2. This pair is only the thirteenth confirmed EB with component masses less than 0.7 M ⊙ . Having model-independent masses and radii for both components is an essential part of testing stellar evolution models (Baraffe et al. 1998) . Although the measured properties of the K7 binary components are consistent with being on the main sequence, the two stars appear ≈10% larger in radii for their masses than predicted by the stellar evolution models (Figure 7 ), in agreement with recent measurements of the other low-mass EBs with 10-20% larger radii than expected. (See Table 3 ) Some empirical data suggest this is due to the effects of magnetic activity (López-Morales 2007) while other data show no correlation with activity, and instead find metallicity to be the dominant cause (Berger et al. 2006) .
With regards to the rest of the quadruple system, the maximum velocity separation measured for the lower-mass pair (Ba + Bb) is 52 ± 0.8 km s −1 . This coupled with the estimated spectral types (and masses 0.49 and 0.44 M ⊙ for a M1 and M2 dwarf, respectively; Reid & Hawley 2005) , allows us to set upper limits on its orbital period and semi-major axis of 62 days and 0.30 AU. Though there is no indication of eclipses for this wider binary, we cannot determine if Ba and Bb are in a coplanar orbit with binary A. With a grazing eclipse angle of >89
• , Ba + Bb would not exhibit eclipses even if coplanar with Aa + Ab.
On 11 May, 2006, we observed a maximum relative orbital velocity of 17.5 ± 2.3 km s
for the A and B binaries. If we treat the system as two single objects in Keplerian orbit, then this velocity measurement sets an upper limit of a AB sini AB ≤ 6.1 AU and P AB ≤ 3764 d. At this separation, the binary pair A + B is resolvable with ground-based adaptive optics imaging.
6 Though the change in γ of ≈17 km s −1 in the five years between observations implies that the period is likely closer to 6 years (and then a AB sini AB ∼ 4 AU) rather than the 10 years of the maximal orbit.
A schematic of this ESB4 with its limiting orbital parameters is shown in Figure 8 . In order to use the empirical criterion for the orbital stability of binary systems (Eggleton & Kiseleva 1995) , we approximate this system to be a hierarchical triple by treating the tight Aa+Ab binary as a single mass, and conclude that even for high values of eccentricity, BD -22
• 5866 is very stable.
A need for a primordial circumquadruple disk?
In order to reproduce the typical observed separations of ∼40 AU in binary systems, Sterzik et al. (2003) determined that a multiple star system must undergo a phase of dynamical evolution after the fragmentation stemming from isothermal collapse of the molecular cloud. However, the formation of very close binaries with a on the order of 1 AU, as is the case for BD -22
• 5866 AB, is still somewhat unclear. Tokovinin et al.'s (2006) determination that the vast majority of short-period binaries must have tertiary components with which angular momentum can be exchanged may explain the tight orbit of Aa+Ab, yet also implies that a AB must have been even smaller in the past. This same argument may imply that a distant fifth component to the system might have interacted with binaries A and B to bring them to their small separation. However, no common proper motion companions were found within 2000 AU of the system. 7 We speculate that an earlier dynamical process reduced the physical size of the system, such as binary-disk interactions within a circumquadruple disk. This is supported by the simulations by Bate et al. (2002) of binary-and triple-star formation which predict the shrinking of orbital distances to 10 AU through accretion and 6 
Daemgen et al. (2007) observed BD -22
• 5866 to have no physical companions within 0.08 ′′ using adaptive optics, setting an upper limit on the physical separation between A and B of d AB < 4.1 AU at 51 pc from Earth at the observed orbital phase. 7 We searched the Naval Observatory Merged Astrometric Dataset (NOMAD; Zacharias et al. 2005 ) which compiles data from several catalogs including the 2MASS catalog (Skrutskie et al. 2006) . With a K-band magnitude limit of 16, M K is limited to 12.4 mags at the system distance of 51 pc. This sets the maximum mass of any potential companion to 20-50 M J , the mass of an old field mid-to late-L dwarf.
interactions with circumbinary and circumtriple gas-rich disks on the time-scale of less than 10 5 years. Though in the case of a hierarchical triple, the tertiary component is always in a wide orbit of more than 30 AU from the tight binary. They also calculate that the specific angular momentum exchange will drive the masses of the two components towards equality which is marginally the case for the A and B binaries of BD -22
• 5866 which has a mass ratio q ≈ 0.7.
8
There is no theoretical discussion in the literature regarding circumquadruple disks around low-mass stars. Yet it is reasonable to assume that BD -22
• 5866 must have once had such a gas-rich primordial disk, which likely lasted for less than 10 5 -10 6 years (Artymowicz & Lubow 1994) . This would imply that the components accumulated their masses and interacted dynamically with each other (Sterzik et al. 2005) and their disk during the same early stages of their evolution. A systematic interferometric investigation of young premain sequence stars to search for additional low-mass quadruple systems will help test our hypothesis of stellar interactions with a circumquadruple disk, since these very young systems should be wider.
Future observations
Since the BD -22
• 5866 system is both bright and contains short orbital periods, we encourage those actively monitoring binaries to include this low-mass system in their programs. Spectroscopic monitoring will yield the component velocities for which specially designed techniques, such as the broadening function formulism of Rucinski et al. (2002) or the four-dimensional cross-correlation method by Torres et al. (2007) , are well suited. These are necessary to determine the Keplerian orbital parameters, which will provide more accurate mass ratios, and if the two remaining inclinations can be measured, the masses of the individual components, arguably the most important stellar property in the context stellar evolution (e.g., interferometric observations (i.e. Boden et al. 2005 ) offer very high spatial resolution and could measure the separation and inclination of the A+B system.) In addition, a parallax measurement to determine a more accurate distance to the system would be very beneficial.
With the potential of these observations to yield all four stellar masses as well as the three orbital inclinations, the BD -22
• 5866 system could provide key constraints to possible formation scenarios, as well as the ability to test the hypothesis that orbital evolution within a disk would create coplanar orbits (Bonnell & Bate 1994) . Clearly, intensive follow-up observations of this rare eclipsing SB4 are warranted.
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